Abstract: A self-propagating reaction achieved by initiating an Al/Ni reactive multilayer foil can generate significant heat. The interdiffusion rate of the reactants plays an important role in the foils properties and is mainly affected by premixing and the bilayer thickness. The present research aims to characterize Al/Ni multilayer foils and to investigate their influence on an exploding foil initiator. Samples with different bilayer thicknesses were fabricated by magnetron sputtering. The heat released and the flame velocity were characterized. Foils with a stored energy of about 1100 J/g were prepared and the heat released revealed the existence of a 4 nm premixing layer. The analytical model proposed by Mann was employed to match the measured flame velocities; the fitted model showed good agreement with the experimental results. To make a comparison, Cu and Al/Ni exploding foils with the same bridge size were fabricated and tested in the identical discharge circuit. The results showed that the energy deposition ratio of an Al/Ni foil was 67-69%, while the value for Cu was only 39-45%, which indicated that Al/Ni multilayers could effectively increase the energy utilization of an initiator. Larger average flyer velocities were also observed with the Al/Ni initiators.
Introduction
programmed shuttering of the targets. Samples with the same total thickness of approximately 6.2 μm but different bilayer thicknesses, including 40 nm, 55 nm, 70 nm, 90 nm, 120 nm and 180 nm were prepared by a magnetron sputter (Discovery 635, Denton Vacuum, USA). The process chamber was evacuated to about 5.0 × 10 −7 Torr prior to fabrication, while the pressure of Ar (purity ≥ 99.999%) was 2.2 mTorr during deposition. All of the RMFs had an overall composition of 50Al/50Ni, and were covered with a Ni layer in both sides. Due to its magnetic properties, a Ni film is difficult to deposit with a conventional magnetron system. To eliminate this problem, the sputter was provided with a much stronger magnetic field in the preparation of the Ni layers, however this method generated more heat on the Ni target and the substrates. In order to suppress the premixing, it is important to maintain a low substrate temperature during the fabrication procedure. As no active cooling system of the substrate is present in our sputter, an interval time after each Ni layer was set from 0.5 h to 2 h to minimize excess heat accumulation and to keep the temperature in the process chamber below 26 °C. During the interval time, the high voltage between target and substrate was cut off, and the process chamber was evacuated to an ultrahigh vacuum again.
An Al/Ni RMF with a 450 nm bilayer thickness was chosen to fabricate the EFIs and the preparation technology was similar to the above. Specifically, as a result of its large film thickness, fabrication of each Ni layer was divided into two stages, half-thickness Ni was deposited in each stage and a 2.5 h time interval was applied after each half-thickness Ni layer. Cu and Al/Ni RMF exploding foils were fabricated by a shadow mask (machining tolerance ≤ 0.01 mm, Ningbo Dongsheng Integrated Circuit Component, China), and the sizes of the bridge foils were 350 μm (length) × 350 μm (width) × 3.79 μm (thickness). The EFIs were tested with the same discharge circuit with a lumped inductance of 84 nH. A 25 μm thick polyimide layer was employed as the flyer and the barrel, with a diameter of 440 μm, was made of SU-8 photoresist.
Characterization of properties
The reactive performance of Al/Ni was characterized by its heat release and flame velocity. The deposition energy and average flyer velocity of EFIs were compared between Cu and Al/Ni exploding foils.
The micromorphological characterization was performed by SEM (S4800, Hitachi, Japan). Both surface and cross-section images were observed. 1-2 mg of free-standing foils were analyzed by DSC (DSC404F3, Netzsch, Germany). In each DSC scan, the sample was heated from 30 °C to 600 °C, at 20 °C/min in a flowing high-purity Ar atmosphere.
To acquire the flame velocity, Al/Ni RMFs deposited on 25.4 × 76.2 mm
Copyright © 2017 Institute of Industrial Organic Chemistry, Poland glass slides were placed in a rough vacuum chamber at less than 10 3 Pa, and ignited at one end with an electric spark generated by a 90 V DC power source. The propagation process of the flame front was recorded by a high-speed camera (FastCAM-APX RS, Photron, Japan) at 1500 fps and 2 μs exposure time per frame. The thermal loss between the RMF and substrate can be ignored due to the low thermal conductivity of the slide in the experimental process. The analytical model proposed by Mann was employed to evaluate the reaction velocities as a function of bilayer thickness and premixing thickness.
The bridge foil was connected to a 0.22 μF capacitor through a metal foil gap switch [18] , and an oscilloscope (DPO3034, Tektronix, USA) was used to monitor the voltage and current waveforms of the circuit. The deposition energy could be gained by time integration of U(t)·I(t) in the first half discharging cycle of the current waveform and the energy deposition ratio was equal to the deposition energy divided by the initial stored energy of the capacitor. The PVDF film was placed at the end of the barrel to measure the average velocity of the flyer. Figure 1 shows the details of EFI test device. 
Results and Discussion

Micromorphology and heat release
The SEM images of the Al/Ni reactive multilayers with 180 bilayer thickness are shown in Figure 2 . The images demonstrate that the film is compact and uniform, while the layer structures are homogeneous, and the interfaces between the layers are sharp. The DSC traces for the samples with typical bilayer thicknesses are displayed in Figure 3 . Heat release, peak temperature and predicted premixing thickness are listed in Table 1 . The total thermal effects calculated from the DSC data are close to the values in references [19, 20] . The exotherm of the samples was reduced continuously with decreasing bilayer thickness, which should be ascribed to a larger volume fraction of premixing. Three exothermic peaks were observed; the third peak became dominant with increases in the bilayer spacing. The peak temperature rose slightly with increasing bilayer spacing, from 231.7 °C to 256.9 °C for the first peak for example, which suggested that longer diffusion distances were indispensable for the Al and Ni atoms to interdiffuse and fully react. The heat released can be used to figure out the premixing thickness, according to the following equation [19] :
where ∆H is the measured heat of reaction, ∆H 0 is the enthalpy of Al/Ni formation, ω is the premixing thickness at each Al/Ni interface and σ is the bilayer thickness.
For the Al/Ni RMFs prepared in this research, the predicted premixing thickness ω was about 4 nm. Mann's models have been widely used and constantly improved upon in velocity predictions [9, 10] , the model providing an effective means of evaluating the flame velocity of an RMF based on the bilayer thickness and premixing spacing. According to the model, the flame propagation process can be described as atomic diffusion and thermal conduction. The flame velocity can be considered as an analytical solution of the simplified atomic diffusion and thermal transport equations:
Flame velocities
where κ n and a n are the Fourier coefficient and eigenvalue of the sine series for C 0 (y), respectively, C 0 denotes the initial composition related to ω and σ, λ is the thermal diffusion coefficient, R is the gas constant, E is the activation energy for atomic diffusion, A is the Arrhenius prefactor, T f , T 0 and T f 0 are final temperature of the reacted foil, the initial temperature of the foil and the adiabatic temperature of the reaction, respectively. The parameters were selected from reference [9] and are listed in Table 2 . The final temperature of the reacted foil T f was evaluated from the heat released. The activation energy E and Arrhenius prefactor A was adjusted to get a better agreement with the experimental results. Commercial software MATLAB was employed to optimize the parameters of E and A. Mann's model was found to be very consistent with the velocity results from the Al/Ni RMFs fabricated in this research, as E = 122.1 kJ/mol and A = 0.1; a high correlation coefficient exceeding 0.98 was obtained. Comparisons between the fitted model and the experimental flame velocities, as well as an ideal model ignoring any premixing layer and phase change during the reaction are displayed in Figure 6 . For the foils with a small bilayer thickness (for example, 40 nm), the actual propagation speeds of the combustion fronts were much lower than the ideal results. This tendency may be attributed to a larger percentage of premixing layer. The premixing region was assumed to be fully reacted [9, 19] and atomic diffusion was reduced by the presence of an intermetallic compound at the interfaces between each layer. This compound also reduces the available energy and the maximum flame temperature of the sample, which significantly reduces its reaction velocity. At a thicker bilayer (ranged from 55 nm to 120 nm), premixing has little effect on the flame velocity due to its low content. Therefore, the actual propagation speeds were close to the fitted model, as well as the ideal value. However, combustion could not be self-sustained for RMFs with a much larger bilayer (180 nm for example), owing to its heat generation being slower than dissipation. The fitted model shows good agreement with the measured data, when the bilayer thickness is in the range 55 nm to 120 nm. The model obtained is now available for the design of an Al/Ni RMF with a specified flame velocity. 
EFI experiments
The capacitor was initially charged to 1306 V; the measured voltage and current waveforms of the exploding bridges are shown in Figure 7 . The deposition energy and energy deposition ratio in the first half discharging cycle were calculated and are listed in Table 3 . Compared with Cu, an Al/Ni EFI burst much earlier and became much closer to the peak current time, the reasons for this being speculated to be due to the following aspects: (1) the resistivity of an Al/Ni RMF was higher than Cu, so the bridge was heated faster due to strong electrocaloric effects and reached the melting point earlier; (2) the self-propagating reaction was initiated in the Al/Ni foils and resulted in a rapid exploding of the bridge. The closer peak voltage and peak current time led to a higher energy deposition by the Al/Ni EFIs. The thickness of the SU-8 photoresist barrel was measured with a screwthread micrometer and a PVDF film was placed at the end of the barrel to measure the average velocity of the flyer. Figure 8 shows the typical signals of the EFIs without and with a flyer layer; the first peak of the piezoelectric response after the foil exploded was considered to be the time when the flyer impacted the PVDF film. In these experiments, the measured average flyer velocities of Al/Ni RMF exploding foils with 493 μm and 496 μm barrels were 1946.31 m/s and 1859.77 m/s respectively, while the corresponding results for Cu foils with 481 μm and 490 μm barrels were 1751.00 m/s and 1717.49 m/s, respectively. The thickness of the barrels was nearly equal, however Al/Ni EFIs tended to have a higher flyer velocity. We believe that the larger energy deposition and stored chemical energy of an Al/Ni RMF contribute to the higher average velocity of the flyer. The Al/Ni RMF is able to lower the operating voltage of the initiators owing to its significant increase in energy deposition. A lower voltage would reduce the volume of the booster circuit as well as the initiator system. Furthermore, the larger average flyer velocity will create a higher pressure shock wave in the explosive placed at the end of its flight, which could enhance the detonation reliability of the EFIs.
Conclusions
In this paper, Al/Ni RMFs were prepared and characterized. The effects of bilayer thickness and proportion of premixing on the performance were examined. Exploding bridge foils of Cu and Al/Ni RMF were fabricated and tested.
This study indicates that the dependence of the stored energy on the bilayer thickness confirms the existence of a 4 nm premixing layer. A steady combustion velocity of an Al/Ni RMF was characterized and the experimental velocities matched Mann's analytical model well, with an activation energy E = 122.1 kJ/mol, Arrhenius prefactor A = 0.1 for bilayer thicknesses in the range 55 nm to 120 nm.
